The histone coactivator-associated arginine methyltransferase 1 (CARM1) is a coactivator for a number of transcription factors, including nuclear receptors. Although CARM1 and its asymmetrically deposited dimethylation at histone H3 arginine 17 (H3R17me2a) are associated with transcription activation, the mechanism by which CARM1 activates transcription remains unclear. Using an unbiased biochemical approach, we discovered that the transcription elongation-associated PAF1 complex (PAF1c) directly interacts with H3R17me2a. PAF1c binds to histone H3 tails harboring dimethylation at R17 in CARM1-methylated histone octamers. Knockdown of either PAF1c subunits or CARM1 affected transcription of CARM1-regulated, estrogen-responsive genes. Furthermore, either CARM1 knockdown or CARM1 enzyme-deficient mutant knockin resulted in decreased H3R17me2a accompanied by the reduction of PAF1c occupancy at the proximal promoter estrogen-responsive elements. In contrast, PAF1c knockdown elicited no effects on H3R17me2a but reduced the H3K4me3 level at estrogen-responsive elements. These observations suggest that, apart from PAF1c's established roles in directing histone modifications, PAF1c acts as an arginine methyl histone effector that is recruited to promoters and activates a subset of genes, including targets of estrogen signaling.
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estrogen receptor-α | histone arginine methylation | PRMT C oactivator-associated arginine methyltransferase 1 (CARM1), also known as PRMT4, is the first protein arginine methyltransferase identified as a coactivator for steroid receptors (1) . It was later found to be a coactivator for a variety of transcription factors and is a multifunctional protein engaged in a variety of cellular processes, including gene expression, coupling of transcription with mRNA splicing, regulation of protein stability, and functioning in embryonic development (2) . Loss of CARM1 in the mouse embryo leads to abrogation of the estrogen response and reduced expression of some estrogen receptor-α (ERα) target genes (3). Recently, CARM1 was shown to be a unique coactivator of ERα that can simultaneously block cell proliferation and induce differentiation through global regulation of ERα-regulated genes in breast cancer cells (4) . The methyltransferase activity of CARM1 is required for its ability to regulate transcription of pS2 (TFF1), a standard ERα target gene (5) . Moreover, the enzyme-dead CARM1 knockin mice have defects similar to those seen in their knockout counterparts (6) . These observations suggest that the enzymatic activity of CARM1 is indispensable for the majority of CARM1's in vivo functions. Several putative mechanisms have been proposed to explain CARM1 activator function, including histone H3 methylation at arginine 17 (R17), methylation of other key transcription coactivators, and recruitment of chromatin remodeling factors. However, it is unclear which mechanisms drive CARM1 transcription activation function.
CARM1 was originally characterized as a histone arginine methyltransferase because of its ability to dimethylate arginines on histone H3. Subsequent biochemical analyses showed that histone H3 can be modified at R2, R17, and R26 (7) . A recent study showed that asymmetrically dimethylated histone H3 at R2 (H3R2me2a) was mainly deposited by PRMT6 (8) . ChIP analysis identified elevated levels of H3R17me2a at the estrogen-responsive pS2 promoter (5) . Furthermore, kinetic ChIP analysis revealed that CARM1 was recruited in a cyclic manner, occurring at 40-min intervals upon treatment with 17β-estradiol (E2), and recruitment of CARM1 correlated with an increase in the H3R17me2a mark (9) . These studies suggest that H3R17me2a likely accounts for CARM1's coactivator function in transcriptional regulation. Because many protein domains have been characterized to specifically bind to modified histone marks, effector molecules may exist that read H3R17me2a marks to mediate transcriptional activation. In support of this hypothesis, a recent study identified one effector protein, TDRD3, as a "reader" for H3R17me2a and H4R3me2a using a protein domain microarray approach (10). TDRD3 contains a tudor domain that is typical for mediating methyl-specific binding. Furthermore, TDRD3 functions as a coactivator in estrogen-responsive elements (ERE)-luciferase reporter assays and endogenous TDRD3 was detectable at the pS2 promoter in ChIP assays (10) . Despite these observations, it is unclear how TDRD3 promotes transcriptional activation.
To further elucidate the mechanism by which CARM1 enzymatic activity and H3R17me2a mediate transcription activation, we took an unbiased biochemical approach to identify effector proteins that directly interact with the H3R17me2a mark using peptide pulldown assays from HeLa nuclear extract. We unexpectedly identified the transcription elongation-associated PAF1 complex (PAF1c) in direct association with H3R17me2a and found this association is required for complete activation of CARM1-regulated ERα target genes. Furthermore, PAF1c was detected at EREs, and its occupancy was abrogated by either knockdown of CARM1 or introduction of a CARM1 enzyme-deficient mutant, which was accompanied by the attenuation of H3R17me2a. This study presents a unique mechanism by which H3R17me2a functions to recruit PAF1c to facilitate transcription activation and encrypt a means for PAF1c's recruitment to the promoters of target genes.
Results

Identification of Human PAF1c as a Binding Partner for the Histone H3
Tail Containing the Asymmetrically Dimethylated Arginine 17. To identify proteins that recognize asymmetrically dimethylated arginine 17 at histone H3 (H3R17me2a), we took an unbiased biochemical approach using biotinylated histone tail pull-down from HeLa nuclear extract, according to previously published methods (11) (12) (13) . Two histone H3 N-terminal tail peptides encompassing amino acids 1-20, with or without asymmetrically dimethylated R17 (H3R17me2a), were used for pull-down assays. Equal amounts of biotinylated peptides preimmobilized on streptavidin magnetic beads were incubated with HeLa nuclear extract followed by acid elution (12) . Eluted proteins were immediately neutralized, loaded on SDS/PAGE, and silver-stained. Fig. 1A showed that three bands were specifically associated with H3R17me2a tail compared with the nonmodified H3 tail. This experiment was repeated on a large scale, and the bands were Coomassie-stained, excised, and analyzed by MALDI-TOF MS. Three bands were identified as hCtr9, hCdc73, and hSki8, all of which belong to the same multisubunit PAF1c. The matched peptides sequences are shown in Fig. S1 . The PAF1c was originally identified in yeast as a RNA polymerase II (RNAPII)-associated complex mediating transcription elongation (14) . The human PAF1c (hPAF1c) has been shown to be involved in multiple steps in transcription, including control of H2B ubiquitination and H3K4me3, transcription initiation and elongation, and pre-mRNA processing (15) . Because hPAF1c is composed of five subunits (hCtr9, hLeo1, hPaf1, hCdc73, and hSki8), we speculated that the whole complex (including two missing subunits, hLeo1 and hPaf1) bound to the H3R17me2a tail. Their absence in silver staining (Fig. 1A ) could be because of inefficient elution or poor staining by silver. The antibodies for individual subunits were used to detect their presence in eluted fractions from 3 biotinylated peptide pull-downs. The results showed that although all PAF1c subunits are strongly detected in H3R17me2a tail pull-down, much weaker PAF1c binding was detected with the nonmodified H3 tail, and no binding was detected with negative control peptide pulldowns (Fig. 1B) .
To identify the PAF1c subunit responsible for direct interaction with the histone H3R17me2a tail, individual PAF1c subunits were recombinantly expressed as Flag-tagged proteins in Sf9 insect cells and purified (Fig. S2A) . Purified subunits were individually used for pull-down assays. Western blots showed that Paf1 subunit elicited the strongest binding, whereas all other subunits displayed either weak (Cdc73) or negligible binding to histone H3 tails (Fig. S2B ). This result suggested that the Paf1 subunit is the main component in PAF1c that interacts with the histone H3 tail. The observation that Paf1 unexpectedly binds to both nonmodified and H3R17me2a tails indicates that other subunits in the complex may contribute to the specificity of Paf1.
The recently identified H3R17me2a effector molecule TDRD3 was also found to interact with H4R3me2a, a site modified by PRMT1 on histone H4 (10) . To investigate if PAF1c interacts with the PRMT1-modified histone mark, we reconstituted histone octamers from bacterially expressed core histones ( Fig. 1D ) and in vitro methylated histone octamers by PRMT1 in the presence of The input, flow-through, and bead-bound samples were resolved on SDS-PAGE, and the dried gel was exposed to an X-ray film to detect 3 H-labeled methylated octamers in each fraction. The autoradiography showed that the efficiency of octamer methylation by CARM1 and PRMT1 were similar, as indicated by the input samples containing equivalent radioactivity ( . Our results demonstrated that, unlike TDRD3, PAF1c preferentially binds to CARM1-methylated histone octamers over those methylated by PRMT1. Moreover, PAF1c not only interacts with histone H3 tail peptides but also histone octamers carrying asymmetric dimethylation at R17 of histone H3.
Estrogen-Enhanced Cooccupancy of PAF1c and H3R17me2a at EREs of
ERα Target Genes. Given that H3R17me2a peptide selectively binds to PAF1c in vitro, we next examined if PAF1c is recruited to ERα target genes that harbor the H3R17me2a mark in vivo. pS2, PTGES, and IGFBP4 genes were selected for ChIP analyses because they were previously shown as CARM1-regulated ER target genes (1, 16) and contain defined EREs. In agreement with past studies, H3R17me2a was enriched at EREs of selected genes upon 17β-estradiol (E2) treatment ( Fig. 2 A, E, and I). Notably, Paf1 ( Fig. 2 B, F, and J) and Cdc73 (Fig. 2 C, G, and K) occupancies at EREs were also enhanced by E2 treatment. To validate the specificity of Cdc73 antibody used in ChIP experiments, a MCF7-tet-on-shCdc73 cell line was constructed and used for ChIP assays using anti-Cdc73 antibody (Fig. 2M) . E2-induced recruitment of Cdc73 to EREs was found decreased after knockdown of Cdc73 in MCF7 cells (Fig. 2N ). Taken together, these results suggest that intact PAF1c is recruited to EREs in an E2-enhanced manner, and the recruitment of PAF1c is accompanied by the increase of H3R17me2a mark.
Recruitment of hPAF1c to EREs Is CARM1-Dependent. To determine if PAF1c is recruited to EREs via recognition of H3R17me2a Fig. 1 . The RNAPII-associated PAF1c displays binding specificity to asymmetrically dimethylated histone H3R17me2a. (A) Immobilized histone H3 tail (amino acids 1-20, Left) and the identical peptide carrying asymmetric dimethylated arginine 17 (Right) were used to identify specific effectors for the H3R17me2a mark in HeLa cell nuclear extract. Three proteins were specifically pulled down with H3R17me2a and later identified to be hCtr9, hCdc73, and hSki8 by in-gel digestion and mass spectrometry analyses. (B) Western blots showed that biotinylated H3R17me2a peptide selectively pull down PAF1c subunits, including Ctr9, Leo1, Paf1, Cdc73, and Ski8. (C) The PAF1c was affinity-purified from HEK293-Flag-Cdc73 cells and silver-stained. (D) Coomassie staining of the reconstituted histone octamers. (E) PAF1c preferentially interacts with CARM1 methylated histone octamers, which were reconstituted from bacterially expressed histone H3, H2A, H2B, and H4. Reconstituted histone octamers were in vitro methylated by CARM1 or PRMT1 in the presence of 3 H-AdoMet and incubated with PAF1c immobilized on anti-Flag resin. Equal volume of input, bound, and flow-through of PRMT1-methylated 3 H-histone H4R3me2 (lanes 1, 3, and 5) and CARM1-methylated 3 H-histone H3R17me2 (lanes 2, 4, and 6) were loaded. Autoradiography shows that more CARM1-methylated 3 H-histone H3R17me2 was found bound to PAF1c on the beads compared with PRMT1-methylated 3 H-histone H4R3me2.
mark, we used a CARM1 inducible knockdown cell line (4) for ChIP assays because CARM1 is the only reported enzyme to create H3R17me2a mark. MCF7-tet-on-shCARM1 cells were treated with DMSO, E2, doxycycline (Dox), or Dox+E2 and subjected to ChIP assays. E2 treatment induced H3R17me2a accumulation at the ERE of pS2, whereas E2-induced H3R17me2a level was greatly reduced when CARM1 was knocked down by Dox treatment (Fig. 3A , compare lane 2 with lane 4). A similar observation was made with the PTGES gene under identical treatment conditions (Fig. 3B) . These results confirm that CARM1 is responsible for writing the H3R17me2a mark in response to E2. Using this cell-line model, we found that Cdc73 E2-induced occupancy at the EREs of pS2 or PTGES was greatly abrogated after CARM1 knockdown (Fig. 3 A and B , compare lane 2 with lane 4). Because CARM1 has been implicated in transcription elongation and splicing processes, complete loss of CARM1 may indirectly affect transcription regardless of histone H3R17 dimethylation. To address this possibility, we replaced wild-type CARM1 with an enzyme-deficient CARM1 mutant by coinfecting MCF7 cells with lentiviruses encoding CARM1shRNA and FlagCARM1 VLD , a wellcharacterized CARM1 mutant defective for methyltransferase activity (1). As shown in Fig. 3C , endogenous CARM1 was successfully knocked down and the CARM1 VLD mutant was expressed. As a control, we also restored wild-type CARM1 under the endogenous CARM1 knockdown background. ChIP assays were performed 5 d after viral infection and E2 or vehicle treatment of cells for 45 min. The results showed that E2-enhanced H3R17me2a level (Fig. 3D) and Cdc73 recruitment at ERE of pS2 (Fig. 3E) were significantly impaired in CARM VLD compared with CARM1
WT -expressing cells.
These data suggest that PAF1c occupancy at EREs is CARM1-dependent, most likely mediated by the H3R17me2a mark.
PAF1c and CARM1 Coordinately Regulate a Common Set of ERα
Target Genes. We had previously identified CARM1-regulated ERα target genes using microarrays (4) . To establish the functional role of PAF1c in CARM1-regulated transcription, we attempted to knockdown PAF1c components and measure the effects on mRNA levels of CARM1-regulated ER targets. Knocking down Ctr9 was previously reported to affect expression of other PAF1c subunits in yeast and human cells (17, 18) , and Ctr9 and Paf1 were shown as scaffold proteins for the formation of PAF1c (19) . Therefore, we generated a Dox-inducible Ctr9 knockdown cell line, MCF7-tet-on-shCtr9, which allows transient knockdown of Ctr9 to minimize cellular toxicity associated with the loss of functional PAF1c. To examine if Ctr9 knockdown interferes with PAF1c integrity, MCF7-tet-on-shCtr9 cells were infected with lentiviral Flag-tagged Ski8 to immunoprecipitate PAF1c with anti-Flag affinity resin. This cell line was treated with Dox or vehicle for 5 d to knock down Ctr9, and then both wholecell lysates and anti-Flag immunoprecipitated PAF1c were subjected to Western blots. In accompaniment with Ctr9 knockdown, the endogenous Paf1 level was significantly reduced in whole lysate (Fig. S3, lanes 1 and 2) as well as in Flag-Ski8 immunoprecipitated PAF1c (Fig. S3, lanes 3 and 4) . Interestingly, despite no detectable loss of endogenous Leo1 expression, the presence of Leo1 in PAF1c was diminished, whereas Cdc73 level was moderately affected (Fig. S3) . Our findings are in agreement with previous reports that Ctr9 plays a pivotal role in PAF1c assembly (19) , and further indicate that Leo1 might were comparable to the endogenous CARM1 in MCF7 cells when endogenous CARM1 was efficiently silenced. (D and E) ChIP analyses showed that expression of the enzyme-defective CARM1 VLD mutant was insufficient to restore H3R17me2a level (D, *P < 0.01) and recruit PAF1c to pS2 ERE (E, *P < 0.01). In contrast, CARM1
WT can fully rescue the function of endogenous CARM1 (histograms 3 and 4). Error bars represent SD (n = 3).
directly interact with Paf1 in PAF1c. Thus, the MCF7-tet-onshCtr9 cell line is validated as a good model for elucidating the function of PAF1c in E2-dependent gene expression.
Because the MCF7-tet-on-shCARM1 cell line (4) was established from the same parental MCF7-tet-on clone as MCF7-teton-shCtr9, we compared expression of ERα target genes in both cell lines simultaneously. The Ctr9 and CARM1 knockdown efficiencies were confirmed by Western blots showing that 5 d of Dox treatment was sufficient to robustly decrease both protein levels by 90% (Fig. 4 A and B) . To demonstrate that loss of CARM1 does not affect steady-state levels of any of the PAF1c subunits, we performed Western blots of PAF1c subunits in MCF7-tet-onshCARM1 cell line. The results showed that PAF1c subunit levels were not altered by the loss of CARM1 (Fig. S4) . The Ctr9 and CARM1 inducible knockdown cells were treated under four conditions and harvested for mRNA, followed by quantitative RT-PCR (qRT-PCR) analysis. pS2, PTGES, IGFBP4, EGR3, and MYC genes were selected for analyses because they were found to be CARM1-dependent E2 target genes (4). Fig. 4 showed that E2 induced expression of all these genes by more than twofold, and induction was inhibited over 50% by either Ctr9 or CARM1 knockdown (Fig. 4 C-G) . Moreover, the trends for these ERα target genes in MCF7-tet-on-shCARM1 and MCF7-tet-on-shCtr9 cell lines under the four treatment conditions were similar (Fig. 4 C-G). These findings were further confirmed in MCF7 cells transiently transfected with siRNAs targeting Cdc73 or Paf1 subunits (Fig. S5) . We also examined PAF1c dependency of three E2-induced, CARM1 nonregulated genes (4) by qRT-PCR in two inducible cell lines. Slc7a5 and Cyclin D1 were found not to be regulated by either CARM1 or PAF1c (Fig. S6 A and B) , whereas TGF-α was found to be regulated by PAF1c but not by CARM1 (Fig. S6C) . These data imply that PAF1c shares both common and distinct sets of genes from those of CARM1. Collectively, our data strongly support that PAF1c and CARM1 coregulate at least a subset of genes in the estrogen pathway.
PAF1c Is Recruited to EREs of ERα Target Genes Downstream of the H3R17me2a Mark. We have shown that CARM1 knockdown affects H3R17me2a and occupancy of PAF1c at the EREs of ERα target genes, indicating that PAF1c binding is a downstream event of CARM1 and H3R17me2a. The MCF7-tet-onshCtr9 cell line allows us to further dissect the consequence of PAF1c's association with H3R17me2a. We first comprehensively examined the association of PAF1c along the pS2 gene during E2-stimulated transcriptional activation. The distribution patterns of Cdc73, Paf1, RNAPII, C-terminal domain S2-phosphorylation (CTD S2-P), and H3R17me2a on the pS2 gene were determined by ChIP assays using primers amplifying different regions of the pS2 gene: −2,844 (upstream of transcription start site), −192 (promoter ERE), +879 (upstream coding region), +1,846 (downstream coding region). CTD S2-P was primarily found at the elongation region. In contrast, the H3R17me2a mark was only detected at the ERE but not the elongation region. Consistent with the established role of PAF1c as a RNAPIIassociated elongation factor, Cdc73 and Paf1 were detected at both the promoter and coding regions coinciding with total RNAPII binding patterns (Fig. 5A ). These data suggest that PAF1c is involved in transcriptional elongation of ERα target genes.
To delineate if H3R17me2a could serve as an upstream signal for recruitment of PAF1c, we measured H3R17me2a and H3K4me3 levels at the ERE of pS2 upon Ctr9 knockdown (Fig. 5  B and C) . PAF1c was previously shown to recruit Set1, a histone lysine methyltransferase responsible for H3K4me3, and thus H3K4me3 is downstream of PAF1c and serves as a positive control to show the effects of Ctr9 knockdown on transcription. MCF7-tet-on-shCtr9 cells were pretreated with or without Dox for 5 d, then treated with 20 nM E2 or vehicle for 45 min before ChIP analyses followed by qRT-PCR. Fig. 5B shows that Ctr9 knockdown indeed reduced H3K4me3 at the proximal ERE of pS2, consistent with a previous report (20) . In contrast, H3R17me2a level was not affected (Fig. 5C ). Although H3R17me2a level at the ERE of pS2 was unchanged, pS2 transcription was inhibited by Ctr9 knockdown (Fig. 4C) . This result suggests that although H3R17me2a is typically defined as a mark of transcriptional activation, this mark alone is insufficient to activate transcription without PAF1c. PAF1c was previously reported to mediate H3K4 trimethylation by recruitment of the mixed lineage leukemia (MLL) complex via direct interaction with Ash2L, a common subunit in MLL-1 and -2 complexes (21, 22) . We thus speculate that H3R17me2a recruits PAF1c, which mediates downstream H3K4 trimethylation by interaction with the MLL complex in ER-mediated gene activation. Inducible knockdown of Ash2L cells were constructed by infecting MCF7 cells with pTRIPZ-Ash2LshRNA (Fig. 5D) . Western blots results showed efficient knockdown of Ash2L by Dox treatment of MCF7-teton-shAsh2L cells for 6 d (Fig. 5D ). As expected, ChIP assays showed that knockdown of Ash2L significantly decreased the level of H3K4me3 at the ERE of pS2 (Fig. 5E) , whereas the level of H3R17me2a mark and occupancy of Cdc73 at ERE of pS2 were not significantly affected (Fig. 5 F and G) . These results suggest that H3K4me3 is downstream event of H3R17me2a and PAF1c recruitment in ER-mediated gene activation.
Given that PAF1c and H3R17me2a occupancies at EREs were inhibited by CARM1 knockdown (Fig. 3 D and E) , whereas Ctr9 knockdown did not affect H3R17me2a (Fig. 5C ), our data support the sequential transcriptional activation model (Fig. S7 ) in which CARM1 deposits H3R17me2a at the ERE, leading to the recruitment of PAF1c, which results in H3K4me3 deposition and transcriptional elongation via RNAPII. Discussion CARM1 and H3R17me2a are linked to transcription activation, yet little is known about how H3R17me2a signals transcription activation. Using an unbiased biochemical approach, here we report the identification of PAF1c as a unique transcription mediator of this active histone mark. We showed that PAF1c is an effector complex that binds to H3R17me2a peptide and histone octamers methylated by CARM1 (Fig. 1) . The specificity of PAF1c was demonstrated by its inability to bind to H4R3me2a containing histone octamers modified by PRMT1 (Fig. 1E) (23) . Nonetheless, our in vivo ChIP assays demonstrated that PAF1c was recruited to EREs of CARM1-regulated ERα target genes (Fig. 2) , and the occupancy of PAF1c on the chromatin was dependent on CARM1 and the H3R17me2a mark (Fig. 3 ). In contrast, knockdown of PAF1c subunits did not alter the occupancy of CARM1 and H3R17me2a at EREs, whereas the known downstream H3K4me3 mark was attenuated (Fig. 5B) . These results strongly suggest that PAF1c occupancy at EREs is mediated by H3R17me2a, which functions as an activation mark because of its ability to stimulate H3K4me3 through PAF1c recruitment.
PAF1c is known to participate in multiple steps of transcription, particularly in controlling histone methylation in later steps of transcriptional regulation. PAF1c is required for both H3K4me3 and H3K36me3 during transcription elongation via interaction with the histone H2B ubiquitination complex, the Set1 methyltransferase-containing COMPASS complex, and the Set 2 methylase (15, 20) . Despite the established roles of PAF1c in directing histone modifications, it remains unclear how PAF1c is recruited to its target genes. In yeast, genes encoding Paf1 and Cdc73 are not essential, and their loss results in change of only a small subset of transcripts (14, 24) . Similarly, only several hundred genes are affected, either positively or negatively, by the loss of PAF1c in Cdc73-depleted HeLa cells (25) . Thus, the target-gene spectrum of metazoan PAF1c remains to be determined, and the roles of PAF1c in gene expression are speculated, at least in part, to be determined by the mechanism of PAF1c recruitment to specific promoters. Studies suggest that some transcription factors directly recruit PAF1c to their target genes. For example, Cdc73 directly binds β-catenin in both Drosophila and mammalian cells to activate transcription of genes in the Wnt pathway (26) . Recently, the prototypical transcriptional activator GAL4-VP16 was shown to directly bind Paf1 and recruit PAF1c to the DNA template (27) . Our finding that PAF1c regulates ERα target genes expands the role of PAF1c in regulating gene expression. Furthermore, we show that the recruitment of PAF1c to EREs depends on CARM1 and H3R17me2a, constituting a unique mechanism for PAF1c's recruitment to target genes. Moreover, the newly defined role of PAF1c as an arginine methyl-histone effector distinguishes PAF1c from its established role in controlling downstream histone ubiquitination and lysine methylation.
Although we demonstrated the functional connection between PAF1c and CARM1-mediated H3R17me2a in estrogen-stimulated transcription, PAF1c may activate other transcription factors regulated by CARM1 and functionally overlap with CARM1 in other biological processes. In support of this idea, PAF1c and CARM1 are known to regulate common target genes. One such gene, β-catenin, is a gene coregulated by PAF1c (26) and CARM1 (28) . Additionally, both CARM1 and the PAF1c subunits are essential for mouse embryonic development and maintenance of ES cell pluripotency. CARM1-null mice die at birth and are smaller than their wild-type littermates (3). CARM1 and H3R17/ R26me2 are associated with Oct4 and Sox2 promoters in ES cells; moreover, CARM1 is required for maintaining pluripotency of ES cells (29) . Coincidently, Cdc73 null mice are embryonic-lethal (30) . Microarray analysis of Cdc73 knockout mouse embryonic fibroblast cells demonstrated that PAF1c directly regulates many essential genes involved in cell growth and survival (30) . Moreover, a recent genome-scale RNAi screen identified PAF1c as a regulator of Oct4 expression, demonstrating an important role for PAF1c in maintaining ES cell identity (20) . Finally, both PAF1c and CARM1 are involved in transcriptional regulation at multiple levels. PAF1c functions in transcription initiation, elongation (15) , mRNA 3′ end cleavage (25) , polyadenylation of mRNA precursors (27) , and small nucleolar RNA (snoRNA) 3′ end formation (31) . In addition to transcriptional activation, CARM1 methylates splicing factors (32), modulates recognition of 5′ splicing sites (33) , and regulates the coupling of transcription and splicing (34) . Furthermore, a recent report showed that RNAPII carboxyl-terminal domain is methylated by CARM1 (35) . Mutating the CARM1 methylation site in RNAPII carboxylterminal domain affects snoRNA expression similar to the effect observed in CARM1 −/− mouse embryonic fibroblast cells (35) . Coincidently, 3′ end formation of mRNAs and snoRNAs are dependent on PAF1c (31) . Collectively, PAF1c and CARM1 share overlapping genes and cellular processes, although the processes that require CARM1 methyltransferase activity and H3R17me2a for PAF1c function await elucidation.
Arginine methylation of histone tails correlates with either transcriptional activation or repression. The specific marks, as part of histone codes, are thought to promote or prevent the docking of key transcriptional effector molecules (36, 37) . PAF1c subunits are nuclear proteins directly associated with RNAPII and can regulate multiple steps of transcription. Recently, TDRD3 was found to bind both the H3R17me2a and H4R3me2a marks (10) . It is plausible that multiple effector proteins exist for the H3R17me2a mark that direct this mark to divergent biological processes. Future work should determine if these two H3R17me2a effectors directly interact and whether they regulate different CARM1-coupled biological processes in cell-type and tissue-specific manners. In conclusion, we identified PAF1c as an effector complex for H3R17me2a and linked its function to the regulation of estrogen-responsive genes. This study presents a unique mechanism by which the CARM1-catalyzed H3R17me2a mark is linked to transcriptional activation via recruitment of PAF1c (Fig. S7 ).
Materials and Methods
Cell Culture and Estrogen Treatment. MCF7 and HEK293 cells were maintained in DMEM supplemented with 10% (vol/vol) FBS. Three days before E2 treatment, the cells were transferred to phenol red-free DMEM containing 6xSFBS (six-time stripped FBS). The working concentration for E2 was 20 nM.
Peptide Pull-Down Assays. Peptide pull-down was performed according to previously published methods (12) . For each assay, biotinylated peptide (1 μg) were immobilized on 200 μg streptavidin coated DynaBeads (Invitrogen). HeLa nuclear extract or purified recombinant proteins were incubated with the magnetic beads immobilized with indicated peptide for 2 h at 4°C. The peptide interaction protein was detected by Western blot or silver staining.
Description on cell lines, antibodies, peptide pull-down, qRT-PCR, ChIP assay, transfection and in vitro methylation of histone octamer are available in SI Materials and Methods. All of the primers and oligo DNA are listed in Table S1 .
